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Introduction
A number of naturally occurring and man-made chemicals are able to interact with the endocrine system of humans and wildlife, which can lead to a disturbance of hormone metabolism or hormone-regulated cellular and physiological processes (Damstra et al., 2002) . The thyroid system is a major target of the so called endocrine disrupting chemicals. Today there are around 116 environmental compounds which are suspected to disrupt thyroid function (Howdeshell, 2002) . The mechanisms involved in the endocrine disruptor mediated alteration of the thyroid function have been extensively investigated but are still not fully understood. The regulation mechanisms involved in thyroid homeostasis are numerous and complex. As consequence environmental chemicals can act at many levels in the thyroid system (Ishihara et al., 2003) .
Endocrine disrupting chemicals interfere directly with hormone synthesis in the thyroid gland (Ishihara et al., 2003; Brown et al., 2004; Boas et al., 2006) . They competitively bound to thyroid hormone binding proteins in blood like transthyretin (TTR) (Wade et al., 2002; Ishihara et al., 2003; Boas et al., 2006) , to membrane bound transporters of target cells (Ishihara et al., 2003; Gauger et al., 2004) or to intracellular cytosolic thyroid hormone binding proteins which are thought to act as modulators of nuclear-receptor-mediated transcription (Ishihara et al., 2003; Blanton and Specker, 2007) . The endocrine disruptors can also act on metabolic enzymes which activate or inactivate thyroid hormones (Ishihara et al., 2003; Zoeller et al., 2007) . Peripheral iodothyronine deiodinases control the conversion of thyroid hormones in different organs and are thus essential in the regulation of levels of biologically active T 3 (Boas et al., 2006; Zoeller et al., 2007) . Finally those pollutants can disrupt thyroid hormone receptors and accessory proteins which directly control the gene expression through thyroid hormone responsive elements (Ishihara et al., 2003; Blanton and Specker, 2007) . Beside the direct effects via these sites, indirect effects via the hypothalamus and anterior pituitary gland were also possible (Ishihara et al., 2003; Zoeller et al., 2007) .
An endocrine disruption of thyroid function may have severe consequences as thyroid hormones play an important role in the maintenance of a normal physiological status in vertebrates. Thyroid hormones assist in control of different physiological functions according to the development state of embryo, larva, juvenile and adult fish (Janz, 2000) . In fish, thyroid status is positively correlated to reproductive status, whereas a seasonal rise in thyroid hormones coincident with gonadal maturation and reproduction has generally been observed. During ovarian maturation, thyroid hormones accumulates in the developing oocytes where they play a significant role in fish embryogenesis (Power et al., 2001; Yamano, 2005) . Small thyroid follicles appear first at early stages of the larval period, then the follicles increases gradually in number and size. These small follicles are able to produce thyroid hormones which are detectable in larval fish in low concentrations (Yamano, 2005) . During this phase the thyroid hormones intervene in the transformation of larvae into juveniles (Power et al., 2001) .
In adult fish, thyroid hormones are of primary importance in the regulation of such fundamental physiological processes as growth, nutrient utilization, and reproduction, but the exact mode of action is unknown. Fish grow faster and are healthier when the thyroid hormone levels are high (Power et al., 2001; Yamano, 2005) , which point out an economic outlet of this problematic in fishery and aquaculture.
Polychlorinated biphenyls (PCBs) and insecticides (like DDT and its metabolites), have been shown to alter thyroid hormone levels in experimental animals Capen, 1980a, 1980b; Brouwer et al., 1989; Fowles et al., 1997; Hallgren and Darnerud, 2002) . The aim of this paper is to evaluate if these alterations of the thyroid function are also observable in wild and cultured fish at environmental conditions. The European sea bass (Dicentrarchus labrax), is the top predator of a simple food web, it is commonly found in European coastal waters, its biology is well documented (Pickett and Pawson, 1994; Loizeau et al., 2001) and it is an important commercial species, also important from a human health view point.
To achieve this goal the concentrations of organochlorinated compounds were measured in wild and cultured specimens of D. labrax, and their effects on the thyroid function using simultaneously two thyroid endpoints were evaluated. The first is the thyroid histomorphometry which consist in a microscopically quantification of the diameter of follicles and the epithelial cell heights and the second is an analysis of muscular thyroid hormone concentrations. The combined analysis of histological and hormonal biomarkers allows a better estimation of the thyroid function status. The possible impact of the levels in PCBs and DDTs on the thyroid gland will be studied via a multivariate analysis.
Methods

Study site
Forty-six D. labrax specimens have been obtained during a sampling mission in the North Aegean (Eastern Mediterranean, Greece) which took place in February 2006. The fish used in this study were caught in the northern part of the Aegean Sea, fifteen of which were caught in the Stymonikos Gulf and the other thirty-one came from an cage fish farm situated in the isle of Thassos.
Strymonikos Gulf, occupies an area of 540 km 2 and its coast has a total length of 70 km. The Strymon River, found at the north of the Gulf, coming from Bulgaria with a catchment area of 17.130 km 2 , and the Richios River at the west, constitute the main sources of fresh water, nutrients and pollution (domestic and agricultural pollutants) in this area (Stamatis et al., 2002; Kallianiotis et al., 2004) . The Gulf is one of the most important nursery and fishing grounds for pelagic species of the North Aegean Sea (Sylaios et al., 1999) . This area includes the most variable and spectacular insular, coastal and marine landscapes, as well as flora and fauna . The gulf has a heavy pollution impact from land based sources, which includes fertilisers and pesticides from agriculture, untreated waste water from cities, and industrial waste from chemical plants are some of the localised threats, while intense oil tanker traffic and high fishing effort are widespread in this area (Dassenakis, 2000) . The isle of Thassos is located in the northern Aegean sea approximately 7 km from the mainland and 20 km south-east of Kavala. It has a total coastal length of 115 km and its total land surface is 378,84 km 2 . The cage fish farm is situated at the north part of the island and is the only cage farm in the Kavala Prefecture. It has a total yearly capacity of about 70 t and its main production consists of Gild-head sea bream and European sea bass. The unit is positioned in a closed and windless bay with a depth of 12 m. In addition to its other production processes there is also a small hatchery for sea species (mainly European sea bass), witch covers its needs. The surrounding waters of both the unit and the island in general are relatively unpolluted (Kallianiotis et al., 2000) .
Sampling of the different tissues
The fish were killed in ice water and stored on ice till their arrival at the Institute where they were immediately dissected. The length and the weight of each fish were measured. The lower jaw was removed from each animal and immersed in Bouin's fixative. Approximately 30 g skeletal muscle was excised from the area behind the head, dorsal to the lateral line and anterior to the dorsal fin. The muscle samples were stored at À70°C until analysis.
Thyroid histomorphometric analysis
The thyroid tissues enclosed in the lower jaw parts were stored in Bouin's fixative. The tissue was then decalcified in 5% formic acid and 5% formaldehyde for a day and transferred into a sodium sulphate solution for one day. The tissues were dehydrated in a graded series of ethanol before being embedded in paraffin wax.
The paraffin blocks were longitudinally sectioned (8 lm) through all the thyroid tissue (Zhou et al., 2000) .
The hematoxylin-eosin stain and the Van Gieson stain method were used for the microscopically diagnostic study of the histological samples (Zhou et al., 2000) . These staining methods were perfectly suitable for this kind of study, since the follicles and the epithelial cells were clearly designable and different measurements could be taken.
Thyroid histomorphometry was measured using DP-Soft Ò software (version 3.2 Soft Imaging Systems Gmbh) with a digital camera (Olympus C-4040) connected to a light microscope (Olympus Statif CX 41). DP-Soft is a basic image software for microscopy analysis, it permits the acquisition, the archivation and different measurements of the images. For the histomorphological analysis, images of ten randomly selected visual fields in the microscope, with a magnification 200 of each section, were observed.
The images showed a vision field of 633.1 lm large and 474.8 lm height. The different measurements in the thyroid tissue were determined by surrounding the contours of the follicles in the tissue. The follicle area and size and the epithelial cell height was thus interactively measured in each vision field. The calculation of the mean value used for statistical analyses was carried out by using 10 values per individual.
Organochlorine compound analysis
All solvents were of pesticide grade; n-hexane and acetone (Burdick & Jackson brand) were purchased from Fluka (Buchs, Switzerland). The Mirex (Dodecachloropentacyclo-[5.3.0.0.0.0]decane) used as internal standard, the pure PCB congeners (IUPAC Nos. 28, 44, 52, 66, 70, 87, 95, 101, 105, 110, 118, 128, 138, 149, 153, 156, 170, 180, 183, 187, 194, 195, 206, and 209 ) and the congener used as surrogate (IUPAC No. 112), were obtained from Ultra ScientificÒ and Dr. EhrenstorferÒ. All other chemicals used were of analytical grade.
Muscle samples were lyophilized over 20 h and dry matter was determined gravimetrically. The lipids were extracted using an accelerated solvent extractor (ASE) (Dionex ASE 2000, Dionex Corporation). A 650-750 mg sample of lyophilized muscle with 0.5 g of anhydrous sodium sulphate was extracted 3 times with a mixture of hexane, dichloromethane and methanol (5:2:1, v:v:v) at 80°C and under a pressure of 1500 Psi. The solvent with the extracted fat was collected in pre-weighed vials and was evaporated at 40°C under nitrogen flow (Turbovap LV Zymark). The fat content of muscle samples ('hexane-extracted fat') was determined gravimetrically. Lipids were then dissolved into 3 ml of hexane and collected into a test tube. The mixture was homogenized by vortexing during 1 min.
All prepared samples were then purified by acid and Florisil clean-ups. A 2 ml volume of sulphuric acid mixture (fuming sulphuric acid 30% and concentrated sulphuric acid 95%, 1:3, v:v) was added to the sample and the mixture was homogenized by vortexing before being centrifuged for 3 min at 1810g at 10°C (Jouan). The organic phase was transferred to another tube and the acidic phase was extracted with 3 ml of hexane, vortexed and centrifuged for another 3 min. The organic phases were pooled and reduced to 1 ml under a nitrogen flow. The second clean-up was performed with FlorisilÒ solid phase cartridges (Supelco, EnviFlorisil). The cartridges were first conditioned with 5 ml of acetone, 5 ml of an acetone-hexane mixture (50:50, v:v) and 12 ml of hexane, successively. The sample was then added at the top of the column. Polar molecules were retained on the FlorisilÒ (magnesiumsilicate mixture). The test tubes containing the sample were rinsed with 3 ml of hexane and added to the cartridge. Another 3 ml of hexane were finally directly added to the column. The eluate was then evaporated just to dryness under a gentle nitrogen flow.
The dried residue of muscle samples was reconstituted with 125 ll of hexane and 125 ll of Mirex (100 pg ll
À1
). The purified extracts were then analysed by gas chromatography using a Thermo Quest Trace 2000 gas chromatograph equipped with a 63Ni ECD detector (Thermo Quest, Trace 2000) and an automatic injector. From 1 to 5 ll of each purified extract was injected by means of a cold 'on column' injector. PCB congeners were separated on a 30 m Â 0.25 mm (0.25 lm film) RESTEK RXI-5 ms capillary column (Bellefonte, USA). The temperature program was as follows: 2 min at 60°C, gradual heating from 60 to 140°C at the rate of 20°C min À1 , 3 min at 140°C, gradual heating from 140 to 270°C at the rate of 25°C min À1 and 12 min at 270°C. The carrier gas was hydrogen with a flow rate of 4 ml min À1 and a pressure of 130 kPa, and the make-up gas was Ar:CH4 (95:5) at a flow rate of 30 ml min À1 . The injector was at ambient temperature and the detector was kept at 300°C. PCBs were identified according to their retention times. Twenty-seven congeners, mostly present in Aroclor 1242, 1254 and 1260 mixtures, were measured (IUPAC 28, 44, 52, 66 + 95, 70, 87, 101, 105, 110 + 77, 118, 126, 128, 138, 149, 153, 156, 169, 170, 180, 183, 187, 194, 195, 206, and 209) and the p 0 p-DDT and p 0 p-DDE. The + sign indicates that these two congeners are not separated. Data were recorded using Chrom-Card 1.19 software. Quantification was performed by comparison with external standards of the 27 pure PCB components in a certified calibration mixture (Ultra Scientific and Dr. EhrenstorferÒ), using a linear calibration curve for each PCB congener whose concentration ranged from 2 to 100 pg ll À1 . PCB concentrations are expressed as the sum of the congeners measured.
Blanks were run with each sample series to control the clean-up procedures. Blanks were also used to control lyophilization and ASE steps. For each sample, a quality control (QC) was also analysed in parallel. Milk cream enriched with a defined concentration of PCBs was used as a QC for analysis. The PCB recovery was calculated on the basis of the concentration of the surrogate standard (IUPAC 112, Dr. EhrenstorferÒ) (50 pg ll À1 ). It was added to the sample at the beginning of the clean-up for muscle samples. All results were corrected to obtain 100% recovery. However, the results of the PCB analyses were accepted only if the recoveries were between 70% and 130%.
Radio-immuno-assay
The iodothyronines were extracted from the muscle sample using procedures adapted from Parker (1988) . The muscle was rinsed with NaCl solution (0.87%), minced with scissors and homogenized using a tissue grinder (60 s, 22,000 rpm) with 3 ml ice cold 100% ethanol containing 1 mM 6-n-Propyl-2-thiouracil. All the above procedures were performed on ice. After 15 min, the mixture was centrifuged at 1500g for 10 min at 4°C and the supernatant was transferred to evaporations. The pellets were washed twice with 2 ml 100% ethanol by resuspension followed by centrifugation. The pooled supernatant was evaporated at 40°C to dryness. The dried sample was stored at 0°C until thyroid hormone content was assayed.
For the radioimmunoassay (RIA), the samples were re-suspended in 250 ll 95% ethanol and 250 ll 0.11 M sodium barbital (pH 8.6). Each 500 ll sample was vortexed for 15 s after each solution was added. The sample was transferred into an eppendorf snap cap vial and centrifuged at 3000 rpm for 10 min at 4°C. Each sample was assayed in duplicate for T 4 content and for T 3 content.
In this procedure 25 ll of the sample and 1 ml of radiolabelled thyroid hormone were added to antibody coated test tubes. The thyroid hormones compete for a fixed time (1 h at 37°C) for sites on the specific antibodies. Since the antibody is immobilized on the wall of the test tubes, simply decanting the supernatant suffices to terminate the competition and to isolate the antibody-bound fraction of the radiolabelled thyroid hormones. Counting the tube in a gamma counter then yields a number, which converts by way of calibration curve to a measure of the thyroid hormones present in the fish sample. The kit was used according to manufactures instruction and chosen for well described affinities for fish thyroid hormones (Scholtz et al., 1992; Raine, 1998; Plate et al., 2002; Jenssen et al., 2004) . A computer program, contained in the counter, automatically determined the relative percent bound to each standard concentration and plotted a log-logit graph of the standard curve (% bound vs standard concentrations). The program then examined the percent for each unknown sample and interpolated the concentration of the sample from the standard curve graph. Total thyroid hormone content of each individual fish sample was determined by multiplying the hormone content of 25 ll subsample by 20 (500 ll total sample volume/25 ll subsample tested for TH content) and converting this concentration to total ng/sample. This number was divided by the weight of the extracted muscle to provide the hormone concentration of each fish in ng g À1 body weight (Scholtz et al., 1992) .
To determine the efficiency of the extraction process in recovering thyroid hormones as well as transfer of samples into different types of tubes, a recovery analysis was employed. Unlabelled thyroid hormone was added to the minced muscles prior to homogenization. Replicates tubes each were spiked with 0, 1, 4, 10, 16, and 24 lg dL À1 unlabelled T 4 and 0, 20, 50, 100, 200, and 600 ng dL À1 unlabelled T 3 . The samples were then subjected to the same homogenization, extraction, reconstitution and RIA assay procedures as the unknown and standard curve samples. The percentage of thyroid hormone recovered from each spiked tube was calculated. These quality assurance procedures and recovery determinations were also performed in the study of Scholtz et al. (1992) on the Kokanee salmon (Oncorhynchus nerka) (Scholtz et al., 1992 ).
Statistical analysis
The relationships between thyroid parameters (follicle histomorphometry and thyroid hormone concentrations) and toxicological data were analysed in two steps. First, a correlation-based principal component analysis (PCA) was performed to reduce the 16 original PCB congener variables in order to avoid misleading results due to correlating independent variables ('multi-collinearity') in subsequent analysis. Thereafter a Spearman correlation test, with the three factor scores revealed by the PCA as independent variables and thyroid parameters as dependent variable, was applied. Results were considered significant when p < 0.05. Contaminant values were log-transformed to achieve homogeneity of variances and normal distribution. The non-parametric Mann-Whitney U-test was used to compare differences among sexes and the sample origin (wild or aquaculture). Statistical analysis of the data was performed using StatisticaÒ software (Statsoft Inc., version 7.1).
Results
Thyroid histology of the European sea bass
The structure of the teleost thyroid, although similar to that of higher vertebrates, differs in its lack of a discrete organization.
The thyroid tissue of the European sea bass consists of glandular follicles scattered around the ventral aorta and bronchial arteries that supply the gills (Fig. 1A) . The follicle consists of an outer layer of thyroid epithelium that surrounds an inner lumen filled with colloid. Colloid contains a reserve of the protein-bound form of the thyroid hormones (Fig. 1B) . The surrounding epithelial cells are either flattened, cuboidal, or columnar, depending on their activity. In light microscopy irregular or oval follicular lumen were seen surrounded by follicular epithelial cells (Fig. 1C) . Stratified follicular epithelial cells were often invaginated into the follicular lumen. The nucleus of the gland cells were spheroidal, centrally situated, poor in chromatin and contain one or more nucleoli. The use of the Van Gieson method which permits to differentiate the connective tissue brought no further information of organisation (Fig. 1D) . The thyroid tissue is composed of isolated thyroid follicles intermixed with the well vascularized connective tissue of the lower jaw.
Thyroid histomorphometric analysis
Wild caught specimens were found to have larger follicles than those from the aquaculture unit as their follicles have significant higher surface and diameter (Mann-Whitney; p < 0.05; Table 1 ). Beside this wild sea bass showed thicker epithelium compared to those coming from aquaculture (Mann-Whitney; p < 0.05; Table  1 ). No differences in histological thyroid parameters could be revealed by Mann-Whitney test between sexes (p > 0.05). No significant relationship of length and weight on the histological thyroid parameters could be showed in our sampling (Spearman correlation, p > 0.05). All individuals were regrouped for the further statistical analysis.
Dosage of thyroid hormones in muscle using radio-immuno-assay
Results of the recovery data from thyroid hormone spiked muscle indicate that percent recovery was 92.6% for T 3 and 92.4% for T 4 . These recovery values were similar to those reported by other researchers; e.g., Kobuke et al. (1987) reported 83% in coho salmon eggs. The thyroid hormone content of 5 g of muscle of each fish sample was determined by multiplying the thyroid hormone content of 25 ll subsample by 20 (500 ll total sample volume divided by 25 ll subsample tested for hormone content) and dividing by the weight of the excised muscle of each fish (Table 1) . Some samples were below the limit of detection have been ignored in the following statistical analysis. No statistical differences of these results in relation to the origin or sex could be revealed by Mann-Whitney tests. No significant relationship of length and weight on the muscular thyroid hormone content was found in the specimens used. (Spearman correlation, p > 0.05). This permitted the grouping of all the sampled animals for the following statistical analysis.
Organochlorine compound analysis
Lipid proportion in the muscles of the European sea bass from aquaculture and from wild ranged around from 0.4% to 3% of the wet weight. Sea bass from aquaculture had a significant higher lipid content in their muscles than those from wild (Mann-Whitney; p < 0.05; Table 1 ). From the 27 PCBs congeners that were analysed only 16 were detected in all the fish (IUPAC 28, 52, 44, 70, 66 + 95, 101, 112, 110 + 77, 149, 118, 143, 153, 138, and 180) , the others have been ignored in the following principal component analysis. The 7 ICES (International Council for the Exploration of the Sea) PCBs (IUPAC 28, 52, 101, 118, 138, 153 and 180), the major congeners and most predominant used in the different commercial mixtures of PCBs, represent around 40-60% of all the found congeners according to the origin of the samples (Table 1) .
Males and females were regrouped for the analysis because no significant difference could be detected (Mann-Whitney; p > 0.05). The wild sea bass had a significant higher total PCBs and pp 0 -DDE lipid-normalized concentrations in their muscles than those from aquaculture. No significant differences were observed in the lipid-normalized concentrations of the 7 ICES PCBs, the pp 0 -DDT and the pp 0 -DDD between wild and aquaculture sea bass (Table  1 ). The comparison of the fresh weight concentrations reveal meanwhile that aquaculture sea bass had a significant higher concentration of the 7 ICES PCBs and total PCBs whereas wild sea bass showed the highest pp 0 -DDE concentrations. No significant differences were observed in the fresh weight concentrations of the pp 0 -DDT and the pp 0 -DDD between wild and aquaculture sea bass (Table 1) 
Relationship between thyroid parameters and PCB contamination
It is well known that PCB congeners may interact each to other, their effect can be antagonized or exhausted by the presence of the others congeners. The fresh weight pollutant concentrations have been used for this analysis as the thyroid hormone concentrations are not related to lipids and are also expressed in fresh weight concentrations. A principal component analysis permitted us to reduce the 16 PCB variables to 3 principal components. The three components represent 80% of the total variance ( Table 2 ). The first component represent almost all the PCB congeners with a high degree of chlorination (hepta-, hexa-and pentachlorobiphenyls), whereas the second component represent a mixture of PCB congeners of different degree of chlorination and the third component represents mostly the PCB 52 (Table 2) . Spearman correlation tests were used to test the effects of the different components on the thyroid parameters. A significant relationship could be observed between the follicle diameter, the epithelial cell height, the T 3 /T 4 ratio and the first principal component. No significant relationship could be observed with the second and third component (Table 2) . The concentrations are given in ng g À1 lipid weight and fresh weight.
(mean ± standard deviation, (median) and min-max) followed by a MannWhitney test to reveal potential differences in parameters (Significant p-values are in bold).
Discussion
Contamination level
The muscle PCB and DDT concentrations obtained in this study were higher than those reported for European sea bass from the Ria de Aveiro, Portugal (Atlantic) (Antunes and Gil, 2004) and the Orbetello Lagoon, Italy (coastal wetland) (Carubelli et al., 2007) and similar to those reported for European sea bass from Ebro Delta, Spain (western Mediterranean) (Pastor et al., 1996) (Table 3) . This is in accordance with other studies who reported higher concentrations in persistent organic pollutants in the various levels of the Mediterranean marine wildlife (marine fish and mammals) compared to the levels measured in the same species in the Atlantic (Kilikidis et al., 1981; Marsili and Focardi, 1996; Canli and Atli, 2003; Fossi et al., 2004; Stefanelli et al., 2004; Storelli et al., 2004; Aguilar and Borrell, 2005; Naso et al., 2005) .
It is interesting to see, contrary to other studies who report a reduction of DDT and PCB in striped dolphins of the western Mediterranean, typically used as indicators (Aguilar and Borrell, 2005) , that contamination levels in sea bass remain similar to levels described 10 years ago (Pastor et al., 1996) . This result underlines the importance of accuracy of such studies concerned with these pollutants and that the problem is still of interest. Most of the biological transformation processes in vertebrates metabolise small quantities of DDT into DDE. The DDE percentage is a common indicator of DDT degradation, and therefore of the age of the contaminant input (Aguilar and Borrell, 2005) . Thus, this high abundance of DDE (percentage of 85% in wild sea bass) indicates a progressive degradation of the remnant DDT load and the absence of new inputs in the western Mediterranean. The exposure to DDT is likely due to the large amount of DDT that entered in the Aegean Sea as transnational pollution (through River Strymon that comes from F.Y.R.O.M. and Rivers Nestos and Evros that come from Bulgaria) and from the coastal areas of the Aegean Sea previous to the ban, that was applied in Greece in 1977 and in Turkey, as well to the atmospheric input from other contaminated areas (Dassenakis, 2000; Aguilar and Borrell, 2005) . However in the case of Strymonikos Gulf the influence of the pollution transferred from F.Y.R.O.M. through River Strymon, seems to be the main factor as it is shown also from the higher levels of organochlorine pesticides found in Strymon River close to the border with the neighbouring country (Golfinopoulus et al., 2003) .
PCBs and DDTs are known to occur in aquatic systems and fish accumulate these substances either directly from the surrounding environment or from their diet. The characteristics of organochlorinated compounds and of the aquatic environment as well as the lipid content influence also the bioaccumulation (Herbert and 
Cell height (lm) R S = 0.527 Table 3 Organochlorine pollutant contamination levels in muscles of European sea bass specimens (ng g À1 lipid)
Sum PCB Sum DDT Source Kavalla wild, Greece (n = 13) 806 ± 514 615 ± 348 This work Thassos aquaculture, Greece (n = 17)
± 136 180 ± 95 This work
Food pellets (n = 1) 140 29 This work Ebro Delta, Spain (n = 10) 800 ± 50 513 ± 97 Pastor et al. (1996) a Ria de Aveiro, Portugal (n = 10) 155 ± 49 to 294 ± 104 108 ± 43 to 336 ± 132 Antunes and Gil (2004) b Orbetello Lagoon, Italy (n = 13) 369 ± 195 Carubelli et al. (2007) a PCBs (IUPAC Nos. 18, 28, 52, 49, 44, 101, 151, 149, 118, 153, 105, 138, 187, 183, 128, 180, 170, 194) and DDT compounds (p,p 0 -DDE, p,p 0 -DDD and p,p 0 -DDT). b PCBs (IUPAC Nos. 28, 52, 101, 118, 138, 153, 180) and DDT compounds (p,p 0 -DDE, p,p 0 -DDD and p,p 0 -DDT). Keenleyside, 1995; Pastor et al., 1996) . The wild sea bass show a significantly higher amount of pollutants in their muscles compared to the sea bass from aquaculture, especially in total PCBs and DDE lipid-normalized concentration. Whereas fresh weight concentrations reveal meanwhile that aquaculture sea bass had a significant higher concentration of the PCBs and wild sea bass showed the highest pp 0 -DDE concentrations. The lipid proportion in the muscles of the sea bass ranged around 1-3% of the wet weight. The observed differences in lipid content of the muscles of wild and aquaculture sea bass are certainly related to the higher lipid content of their food in the fish farm (around 10%).The higher lipid-normalized concentrations in the wild sea bass are thus exclusively due to the low lipid percentages.
The observed variability in levels between the two sites may be related to differences in contamination of the diet. The concentrations of total PCBs (calculated as the sum of individual PCBs) in muscles of sea bass were more than the double of total DDT (calculated as the sum of p 0 p-DDE, p 0 p-DDD and p 0 p-DDT). From the DDT compounds, DDE was present in the highest concentration in tissues of all the analysed organisms and fish pellets, representing 60-80% of total DDT.
The PCB patterns did not vary among wild and cultivated sea bass. The hexa-and pentachlorobiphenyls were the dominant congeners. This congeners are usually reported as dominant in marine fishes (Loizeau et al., 2001) . They are the most abundant congeners in commercial PCB mixtures, such as Aroclor 1254 and 1260, which were commonly used in European countries.
Some studies have shown that food is the major contributor for PCB accumulation (Thomann and Connoly, 1984; Loizeau et al., 2001) . The use of commercial diets, in fish farming and its levels of micro-contaminants, may influence pollutant concentration in cultivated fish (de Boers and Pieters, 1991) . The relative distribution of PCB congeners may differ in aquatic organisms because the contamination sources have different congener patterns (Fig. 2) .
The PCB congener distribution in muscles of cultured European sea bass specimens resembled that of their diet pellets, which suggest that commercial diet is their major source of PCBs in the cultured sea bass. This is marked by their low PCB concentration, especially for trichlorobiphenyls. They have a lower logK ow and as consequence, they have a lower propensity to leave the aqueous environment for organic compartments. Moreover they are usually more rapidly metabolised than higher chlorinated congeners because the presence of more unsubstituted ring position on their biphenyl rings available for metabolic attack (Pastor et al., 1996) . So it is possible that these compounds are lost during the processing (boiling, pressing, drying, grinding) of the whole fish (usually small pelagic fish or bycatch), which are then transformed in pellets in order to have a protein-rich meal mainly used as aquaculture feeds for carnivorous aquatic species (Antunes et al., 2007) .
Thyroid histology
Morphologically, the fish thyroid develops basically is similar to other vertebrates (Raine et al., 2005) . A minor difference is that fish do not have a compact gland, but have their thyroid tissue dispersed along the ventral aorta, which anatomically is very similar to the position of the gland in mammals. The thyroid tissue is composed of numerous follicles which contains colloid. These follicles are composed of a single layer of epithelial cells which may vary in height and form. The nucleus is spheroidal, centrally situated, poor in chromatin and contains one ore more nucleoli. The Van Gieson staining method permitted to highlight the connective tissue, but due to the lack of organisation to a distinct organ it is difficult to associate the connective tissue whether to the thyroid follicles, the capillary vessels or other neighbouring structures. The histomorphometrical analysis between the European sea bass from wild and aquaculture revealed some morphological differences (Fig. 3) . The wild sea bass showed larger follicles formed by a thicker epithelium compared to the cultured sea bass. The follicle diameters measured in sea bass are in good agreement with those described previously for fish and mammals (Zhou et al., 2000) .
Thyroid hormone level
Muscle thyroid hormone concentration was another tested thyroid parameter. Our T 4 results are comparable to other investigations of thyroid hormone concentration in eggs and larvae of other fish species but the T 3 concentrations were far below the normally encountered concentrations in eggs (Power et al., 2001) . It seems that the concentrations vary among the different species. The thyroid hormones play an important role in fish embryogenesis and larval development so it is normal to find high concentrations of the biologically active form T 3 . T 4 and T 3 detected in eggs are of maternal origin as thyroid follicles are absent from the embryo. The thyroid hormone balance in eggs probably reflects that of the maternal plasma (Power et al., 2001 ).
Relationship between thyroid parameters and PCB contamination
Several studies described adverse effects of organchlorinated contaminants on the thyroid function (Brouwer et al., 1989; Schumacher et al., 1993; Hall et al., 1998; Rolland, 2000; Zhou et al., 2000; Braathen et al., 2004; Brown et al., 2004; Debier et al., 2005; Das et al., 2006; Boas et al., 2006) . The most innovative aspect of our approach is the simultaneous use of two alteration endpoints. Muscle thyroid hormone concentration and histological assessment of thyroid follicles (follicle diameter and epithelial cell height) were used to gauge alterations in thyroid function.
A significant relation between mean diameter of follicles, epithelial cell height, the T 4 concentration and the muscular PCBs and DDTs fresh weight concentration was observed through multivariate statistical analysis.
The follicle diameter and the epithelial cell height increases with higher PCB and DDT fresh weight concentrations (Fig. 4A) . The size of the follicles and the form of the follicular cells gives an indication of the secretary activity of the gland. Thyroid gland dominated by small follicles lined by cuboidal or columnar cells can be classified as highly active. Whereas low active glands show large follicles lined by low or flattened epithelial cells (Hallgren et al., 2002) . These correlations support the hypothesis that the contamination of organochlorinated compounds may induce a hyperactivity of the thyroid tissue indicated by the hypertrophy of follicular epithelial cells.
We observed an increase in T 4 concentration while the T 3 remains constant (Fig. 4B) . The thyroid systems of fish and mammals are similar in many respects, with one major difference. The mammalian system is driven primarily trough the central brain-pituitary-thyroid axis that regulates thyroid secretion of both T 4 and T 3 . In fish, the thyroid system does not appear to be driven primarily by the central brain-pituitary-thyroid axis. Instead, the central brain-pituitary-thyroid axis in fish has the primary role of ensuring T 4 homeostasis. T 3 production and homeostasis is regulated in peripheral tissues by conversion of T 4 to T 3 by deiodination (Brown et al., 2004) . T 3 has been found to exert no significant feedback on TSH release.
It appears that the organochlorinated pollutants (specially the higher chlorinated PCBs and DDT metabolites) induce a hyperactivity of the thyroid follicles witch results in an increase of the T 4 concentrations while the T 3 concentration, which is regulated by the deiodination in peripheral tissues, is not affected. Studies have demonstrated that massive experimental increases of T 4 in fish did not increase T 3 levels, concluding that increases in T 4 do not drive T 3 production (Brown et al., 2004) .
The effect of PCB exposure on peripheral thyroid hormone levels is well documented in laboratory animals and wildlife. Histopathological changes of the thyroid indicative of hyperactivity were found after exposure (Hallgren et al., 2002) . One of the most consistent findings is that PCB exposure disturb the levels of circulating thyroid hormones, especially T 4 (Hallgren et al., 2002) . In marine mammals, significant decreases of T 3 and/or T 4 were found in sea lions (Debier et al., 2005) , polar bears (Skaare et al., 2002) and seals (Brouwer et al., 1989) and histological changes of thyroid glands related to exposure level were found in seals (Schumacher et al., 1993) and harbour porpoises (Schnitzler, 2005; Das et al., 2006) . Among many different pesticides, the thyroid-disrupting effects of DDT are the most studied, DDT exposure of birds decreases T 4 or increased thyroid weight and reduced colloid content of the follicles (Jefferies and French, 1969) . Blubber concentration of DDT correlated negatively to T 3 in seals (Hall et al., 1998) . Similar results were observed in different fish species. Changes in thyroid histological appearance and plasma thyroid hormone levels were reported in coho salmon (Oncorhynchus kisutch) and chinook salmon (Oncorhynchus tshawytscha) collected in Great Lakes (Leatherland, 1993) . Salmonids were fed by Aroclor mixtures to determine if PCBs caused these changes, but no conclusive results could be obtained (Leatherland and Sonstegard, 1978; Leatherland and Sonstegard, 1980) . Given the equivocal impact of experimental exposure of PCB mixtures on trout and salmon thyroid measures, it was concluded that other factors than PCBs may cause thyroid disruption of the Great Lakes salmon (Leatherland, 1993) . Almost all studies have reported some influence on thyroid cascade that is, therefore, a sensitive biomarker of exposure. However, the interpretation of the thyroid changes and the assessment of effect is more complex because it is difficult to distinguish between direct and indirect xenobiotic actions on the thyroid cascade, which has a considerable capacity to compensate for abuses that otherwise would disrupt thyroid hormones homeostasis. Indeed, a xenobiotic-induced change in fish thyroid function has yet to be causally linked conclusively to decreased fitness or survival (Brown et al., 2004) .
